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1
MULTI-USE SORBENT CARTRIDGE

CROSS-REFERENC

L1

The present invention 1s a continuation-in-part (CIP) >
application of U.S. patent application Ser. No. 14/261,651,
filed Apr. 25, 2014, which claims priority to U.S. Provisional
Application No. 61/909,372 filed Nov. 26, 2013, and U.S.
Provisional Application No. 61/941,672 filed Feb. 19, 2014,
the contents of each incorporated herein in their entirety by 10
reference.

FIELD OF THE INVENTION

The 1invention relates to a sorbent cartridge having one or 15
more modules. The modules can be multi-use or single-use,
and can be fluidly connected to a dialysis machine, or to a
recharger for recharging the sorbent materials. Any one of
the modules can be individually detachable from the sorbent
cartridge body itself wherein the module can contain one or 20
more sorbent materials such as zirconium phosphate, zirco-
nium oxide, urease, alumina, activated carbon, among oth-
ers. Certain sorbent materials can be placed relative to each
other 1n specified positions downstream and upstream of
cach other to result 1n a configuration suitable for dialysis 25
and for recharging the modules.

BACKGROUND

Sorbent cartridges can remove wastes from dialysate 30
using less water than systems without sorbent cartridges.
Sorbent cartridges operate by adsorbing 10ns and other waste
species from a fluid. During dialysis, the dialysate fluid
passes through a dialyzer and removes waste and solutes
from one side of a semi-permeable membrane across a 35
concentration and/or pressure gradient. The waste- and
solute-containing dialysate can then be passed through the
sorbent cartridge to remove waste and solutes. Depending
on the amount of waste present 1n the cleaned dialysate, the
dialysate can then be recirculated back to the dialyzer 40
without requiring disposal.

Urease 1s used in the sorbent cartridge to catalyze urea
into carbon dioxide and ammonium ions. The ammonium
ions are then adsorbed by a cation exchange material down-
stream of the urease. One common cation exchange material 45
1s zirconium phosphate. However, zirconium phosphate can
sometimes result 1n phosphate leakage. Phosphate anions
present 1n the zirconium phosphate leak into the dialysate as
the dialysate passes through the sorbent cartridge. Phosphate
leakage can result in higher phosphate concentration 1n the 50
dialysate, and reduce phosphate removal efliciency across
the semi-permeable membrane.

The high cost of common sorbent materials such as
zirconium phosphate and zirconium oxide 1s a significant
limitation on sorbent dialysis. However, traditional sorbent 55
cartridges are designed as single use devices and cannot be
used for extended periods of time over many sessions and,
critically, cannot be recharged to restore the functional
capacity of the sorbent materials. Instead, traditional sorbent
cartridges are discarded once the sorbent materials have 60
been exhausted. Although traditional sorbent cartridges can
be broken down to extract the sorbent materials for recharg-
ing, the sorbent materials must be re-processed at a process-
ing plant, and cannot be recharged by the dialysis machine,

a recharging device, or an in-clinic apparatus. The exhausted 65
sorbent materials must be transported to a processing plant,
the sorbent cartridge disassembled and the sorbent materials

2

recharged by the plant. At some point, a new cartridge must
be assembled and the recharged sorbent matenials re-pack-
aged 1nto the cartridge and transported back to the dialysis
clinic for use. As such, single- and limited-use sorbent
cartridges drive up not only the unit cost of dialysis, but also
the total cost of dialysis.

Compounding the cost problem, traditional cartridges
cannot 1solate specific materials 1mto compartments for
recharging. Certain materials such as urease and alumina
may be cheaper than other sorbent materials such as zirco-
nium phosphate and zircomum oxide. However, traditional
cartridges cannot 1solate and separate sorbent materials into
different modules, compartments, or layers. In other words,
traditional sorbent cartridges cannot be adapted to recharge
certain expensive rechargeable sorbent materials such as
zirconium oxide or zirconium phosphate because each com-
ponent requires different recharging solutions, which per-
haps 1deal for washing one sorbent material, are destructive
of another sorbent material. Finally, traditional cartridges
cannot provide for specified positions of sorbent materials
relative to each other. The placement of a sorbent material 1s
particularly important for recharging insofar as each sorbent
material can release 1ons 1mpacting downstream sorbent
materials. Also, placement of the sorbent materials can
impact both upstream and downstream materials during
cleaning 1f performed 1n a single tlow path 1n a sorbent
cartridge or a sorbent cartridge containing different types of
sorbet materals.

Hence, there 1s a need for a rechargeable sorbent cartridge
that does not need to be disassembled 1n order for the sorbent
materials to be recharged. The sorbent cartridge should be
rechargeable by the dialysis machine, a recharging station,
or a suitably configured apparatus collocated with the dialy-
s1s clinic. The sorbent cartridge should provide for a sepa-
ration of materials within the sorbent cartridge into modules,
compartments, or layers, to allow for isolation of those
materials to facilitate proper recharging without deleterious
or unwanted eflects. There 1s a need for a sorbent cartridge
providing for 1solation of one or more sorbent material to
allow for cheaper or non-reusable materials to be discarded,
while more expensive and reusable matenals are recharged.
There 1s a further need for a unitary sorbent cartridge having
multiple discreet modules that can be easily connected
and/or detachable from the unitary sorbent cartridge thereby
facilitating the recharging and/or recycling of the sorbent
materials and the sorbent cartridge while retaining a single
unitary design.

There 1s also a need for a sorbent cartridge wherein the
sorbent materials can be arranged within the modules of the
cartridge to allow for 1solation of particular materials or
groups of materials. There 1s a further need for any one of
the modules 1n the cartridge to be reusable or optionally
detachable and re-attachable from the cartridge to allow any
one of disposal, recycling, or recharging of sorbent material
within the module. There 1s a need for a sorbent cartridge
having specific materials that can be recharged and allowing
for disposal of less expensive materials. There 1s a need to
position sorbent materials relative to each other 1n order to
facilitate 1n-sorbent recharging of exhausted materials and
usage during dialysis, e.g., reducing the effects of phosphate
leaching.

There 1s a further need for a system that can recapture
phosphate that leaks into the dialysate from the zirconium
phosphate sorbent layer. There 1s a further need for a
modular sorbent cartridge, enabling 1solation of particular
sorbent materials to facilitate the recharging and reuse of
these materials. The need also includes a multi-use zirco-
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nium phosphate module that can be positioned upstream of
a multi-use zircontum oxide module to result in phosphate
recapture.

SUMMARY OF THE INVENTION

The first aspect of the invention relates to a sorbent
cartridge. In any embodiment of the first aspect of the
invention, the sorbent cartridge can have at least one reus-
able module having one or more connectors fluidly connect-
able with a tluid tflow path or fluidly connectable to a second
module.

In any embodiment of the first aspect of the invention, the
sorbent cartridge can comprise at least one non-reusable
module. In any embodiment of the first aspect of the
invention, the at least one reusable module can contain
sorbent material. In any embodiment of the first aspect of the
invention, the at least one reusable module can contain
multiple sorbent materials. In any embodiment of the first
aspect of the invention, the at least one non-reusable module
can contain sorbent material. In any embodiment of the first
aspect of the invention, the at least one non-reusable module
can contain multiple sorbent matenials.

In any embodiment of the first aspect of the invention, at
least one module can be 1n fluid commumnication or be a part
of a controlled compliant dialysis circuit. In any embodi-
ment of the first aspect of the invention, the at least one
reusable module can be connected with at least one other
either reusable or non-reusable module. In any embodiment
of the first aspect of the invention, the at least one reusable
module can be detachable from the sorbent cartridge.

In any embodiment of the first aspect of the invention, the
connectors can be selected from quick-connect, twist-lock,
push-on, or threaded fittings. In any embodiment of the first
aspect of the invention, the one or more connectors can
comprise a length of tubing and a valve assembly.

In any embodiment of the first aspect of the invention, a
connector can include an access point for a sensor. In any
embodiment of the first aspect of the mvention, a dialysis
machine can comprise a connector. In any embodiment of
the first aspect of the 1invention, the sorbent material can be
selected from a group comprising zirconium phosphate,
hydrous zirconium oxide, activated carbon, alumina, urease
and 1on exchange resin. In any embodiment of the first
aspect of the invention, the 1on-exchange resin can be
selected to only remove calcium and magnesium 10ons by
using a chelating 1on exchange resin.

In any embodiment of the first aspect of the invention, the
flow path can flow in a direction through a first module,
through a connector, and then through a second module. In
any embodiment of the first aspect of the invention, the tlow
path can tlow in a direction through a first module, through
a connector, through a second module, through a second
connector and then through a third module. In any embodi-
ment of the first aspect of the invention, a bypass flow path
can divert flow from a first module to a third module. In any
embodiment of the first aspect of the invention, a plurality
of modules 1s contemplated including four or more modules.

In any embodiment of the first aspect of the invention, the
flow can be diverted by a bypass tlow path using a valve
assembly positioned on a connector. In any embodiment of
the first aspect of the invention, the valve assembly can be
positioned on a connector after the first module and before
the second module. In any embodiment of the first aspect of
the mvention, the valve assembly can be positioned on a
connector after the second module and before the third
module.
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In any embodiment of the first aspect of the invention, a
recharger can be positioned on the bypass tlow path.

In any embodiment of the first aspect of the invention, a
connector can connect in fluid communication any one or
more of the modules of the invention to a recharger.

In any embodiment of the first aspect of the invention, the
first module can contain hydrous zirconium oxide, alumina,
urease and activated carbon, and the second module can
contain zirconium phosphate.

In any embodiment of the first aspect of the invention, the
first module can contain hydrous zirconium oxide, alumina,
urease, zirconium phosphate and activated carbon, and the
second module can contain zirconium phosphate. The
respective layers can be formed into any combination of
layers without restriction.

In any embodiment of the first aspect of the invention, the
first module can contain hydrous zirconium oxide, alumina,
urease, 1on exchange resin and activated carbon, and the
second module can contain zircomium phosphate. The
respective layers can be formed into any combination of
layers without restriction.

In any embodiment of the first aspect of the invention, the
first module can contain alumina, urease, zirconium phos-
phate and activated carbon, and the second module can
contain zirconium phosphate and hydrous zirconium oxide.
The respective layers can be formed into any combination of
layers without restriction.

In any embodiment of the first aspect of the invention, the
first module can contain hydrous zirconium oxide, alumina,
urease and activated carbon, and the second module can
contain zirconium phosphate and 10on exchange resin. The
respective layers can be formed into any combination of
layers without restriction.

In any embodiment of the first aspect of the invention, the
first module can contain alumina, urease and activated
carbon, and the second module can contain zirconium phos-
phate, 10n exchange resin and hydrous zirconium oxide. The
respective layers can be formed into any combination of
layers without restriction.

In any embodiment of the first aspect of the invention, the
first module can contain activated carbon, the second mod-
ule can contain alumina and urease, and the third module can
contain zirconium phosphate, 1on exchange resin and
hydrous zirconium oxide. The respective layers can be
formed into any combination of layers without restriction.

In any embodiment of the first aspect of the invention, the
first module can contain activated carbon, alumina, urease
and hydrous zirconium oxide, the second module can con-
tain zirconium phosphate, and the third module can contain
zircommum phosphate and activated carbon. The respective
layers can be formed 1nto any combination of layers without
restriction.

In any embodiment of the first aspect of the invention, the
first module can contain activated carbon, the second mod-
ule can contain alumina and urease, and the third module can
contain zirconium phosphate, 1on exchange resin and
hydrous zirconium oxide. The respective layers can be
formed 1nto any combination of layers without restriction.

In any embodiment of the first aspect of the invention, the
non-reusable module or modules can be disposable. In any
embodiment of the first aspect of the invention, the reusable
module or modules can be recyclable and/or recharged.

In any embodiment of the first aspect of the invention, at
least one of the modules can have a barcode or other
identification system. In any embodiment of the first aspect
of the invention, two or more sorbent materials may be
mixed together.
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Any of the features disclosed above as being part of the
first aspect of the mnvention can be included 1n the first aspect
of the invention either alone or 1n combination.

The second aspect of the invention 1s directed to a method
of recycling a reusable module. In any embodiment of the
second aspect of the invention, the method can comprise the
steps of disconnecting a reusable module from connectors
connecting the reusable module to a non-reusable module, a
bypass line and/or a wash line; removing the reusable
module from a sorbent cartridge; emptying sorbent material
from the reusable module; refilling the reusable module with
new sorbent material; and reconnecting the reusable module
to the connectors in the sorbent cartridge.

Any of the features disclosed above as being part of the
second aspect of the invention can be included 1n the second
aspect of the invention either alone or in combination.

The third aspect of the invention 1s directed to a method
of replacing a detachable module that can be optionally
reusable. In any embodiment of the third aspect of the
invention, the method can comprise the steps of disconnect-
ing a detachable module from connectors connecting the
detachable module to another module that can be optionally
reusable, a bypass line and/or a wash line; removing the
detachable module from a sorbent cartridge; discarding the
detachable module; and inserting and connecting a new
module 1n the sorbent cartridge.

Any of the features disclosed above as being part of the
third aspect of the invention can be included in the third
aspect of the invention either alone or in combination.

The fourth aspect of the invention 1s directed to a method
for recharging sorbent material within a reusable sorbent
cartridge. In any embodiment of the fourth aspect of the
invention, the method can comprise the steps of disconnect-
ing a reusable module from connectors connecting the
reusable module to another module, bypass line, and/or
wash line; and connecting the reusable module to a recharger
known to those of ordinary skill 1n the art. In any embodi-
ment of the fourth aspect of the invention, the recharger can
contain a fluid capable of recharging the sorbent material 1n
the reusable module. In any embodiment of the fourth aspect
of the invention, the method can further comprise the steps
of passing the fluid from the recharger through the reusable
module; and reconnecting the reusable module to the con-
nectors 1n the sorbent cartridge.

In any embodiment of the fourth aspect of the invention,
the reusable module can contain zirconium phosphate, and
the recharger can contain a solution comprising sodium and
hydrogen 1ons. In any embodiment of the fourth aspect of
the invention, the reusable module can also contain 10n
exchange resin. In any embodiment, the reusable module
can also contain hydrous zirconium oxide and the recharger
can also contain acetate 1ons.

In any embodiment of the fourth aspect of the invention,
the recharger can contain a first fluid. In any embodiment of
the fourth aspect of the invention, the method for recharging,
sorbent matenal can further comprise the steps of passing
the first fluid through the reusable module; replacing the first
fluid with a second fluid; and passing the second fluid
through the reusable module.

In any embodiment of the fourth aspect of the invention,
the reusable module can contain activated carbon and the
recharger can contain heated water. In any embodiment of
the fourth aspect of the invention, the reusable module can
contain alumina and urease and the first fluid can be heated
water, and the second fluid can contain urease.

In any embodiment of the fourth aspect of the invention,
the valve assembly can be operated under control of a
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programmable controller or computer system to regulate
flow 1nto, out of, and between modules. In any embodiment
of the fourth aspect of the mvention, fluid flow through the
valve assembly can be sensed by a photocell or other flow
sensing and/or measuring apparatus. In any embodiment of
the fourth aspect of the mnvention, the sorbent cartridge can
comprise a control pump for circulating fluid 1n the fluid
flow path.

In any embodiment of the fourth aspect of the invention,
the sorbent cartridge can have multiple modules including
any one of 2, 3, 4, or 5 modules. In any embodiment of the
fourth aspect of the invention, the modules can be connected
by any of quick-connect, twist-lock, push-on, or threaded
fittings, or a length of tubing. In any embodiment of the
fourth aspect of the invention, the modules can be used
multiple times and/or recharged. In any embodiment of the
fourth aspect of the invention having multiple modules, the
number of times the multiple modules can be used or
recharged can be different from each other.

Any of the features disclosed above as being part of the
fourth aspect of the mvention can be 1included 1n the fourth
aspect of the mvention either alone or 1n combination.

The fifth aspect of the mvention relates to a modular
sorbent cartridge. In any embodiment of the fifth aspect of
the 1nvention, the sorbent cartridge can have a first module
configured to contain urease and a second module that 1s
fluidly connectable to the first module and downstream of
the first module, the second module configured to contain a
cation exchanger and also a third module flmidly connectable
to the second module and downstream of the second module,
the third module configured to contain an anion exchanger.

In any embodiment of the fifth aspect of the invention, the
cation exchanger can be zirconium phosphate contained 1n
the second module and the amion exchanger can be zirco-
nium oxide contained in the third module.

In any embodiment of the fifth aspect of the invention, the
first module can be single-use, the second module can be
multi-use, and the third module can be multi-use.

In any embodiment of the fifth aspect of the invention, the
first module can contains any one of activated carbon, 1on
exchange resin, alumina, urease, and combinations and
mixtures thereof.

In any embodiment of the fifth aspect of the invention, the
first module can have a first layer of activated carbon, a
second layer of alumina and urease which can be down-
stream of the first layer, and a third layer of activated carbon
which can be downstream of the second layer.

In any embodiment of the fifth aspect of the invention, a
layer of zircommum oxide can be positioned downstream of
the second layer and upstream of the third layer.

In any embodiment of the fifth aspect of the invention, the
module comprising zirconium phosphate can be recharge-
able, the module comprising zirconium oxide can be
rechargeable, or both the module comprising zirconium
phosphate and the module comprising zirconium oxide can
be rechargeable.

In any embodiment of the fifth aspect of the invention, the
first module can be fluidly connectable to a dialysate tlow
path upstream of the first module, and the third module can
be fluidly connectable to a dialysate flow path downstream
of the third module.

In any embodiment of the fifth aspect of the invention,
zirconmum oxide can be present both upstream and down-
stream of the zirconium phosphate.

In any embodiment of the fifth aspect of the invention, an
amount of the zircomum oxide upstream of the zirconium
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phosphate can be less than an amount of the zirconium oxide
downstream of the zircontum phosphate.

In any embodiment of the fifth aspect of the invention, the
second module comprising the cation exchanger can be
multi-use, and the third module comprising the anion
exchanger can be multi-use.

In any embodiment of the fifth aspect of the invention, the
second module can have the proviso that zirconium oxide
and zirconium phosphate are not contained together in the
same module.

In any embodiment of the fifth aspect of the invention, the
second module does not comprise any other sorbent mate-
rials other than zirconium phosphate.

In any embodiment of the fifth aspect of the mnvention, a
bypass flow path can fluidly connect a position upstream of
the first module to the second module.

In any embodiment of the fifth aspect of the invention, the
first module can have a first layer of activated carbon, and
a second layer of alumina and urease downstream of the first
layer, and the second module can have a first layer of
alumina, a second layer of activated carbon downstream of
the first layer, and a third layer of zircommum phosphate
downstream of the second laver.

In an embodiment of the sixth aspect of the invention, a
sorbent cartridge can have at least one module configured to
contain a cation exchanger; and at least one module config-
ured to contain an amon exchanger, wherein the module
configured to contain the anion exchanger can be fluidly
connectable to and downstream of the module configured to
contain a cation exchanger.

In any embodiment of the sixth aspect of the invention,
the cation exchanger can be zirconium phosphate and the
anion exchanger can be zirconium oxide.

In any embodiment of the sixth aspect of the mvention,
the module configured to contain the cation exchanger and

the module configured to contain the anion exchanger can be
multi-use.

In any embodiment of the sixth aspect of the imnvention,
the module configured to contain the cation exchanger and
the module configured to contain the anion exchanger can be
detachable.

In any embodiment of the sixth aspect of the invention, at
least a second module upstream of the module configured to
contain zircomum phosphate can contain any one of acti-
vated carbon, alumina, urease, and combinations thereof.

In any embodiment of the sixth aspect of the mvention,
the second module can further have zirconium oxide.

In any embodiment of the sixth aspect of the invention, an
amount of the zirconium oxide 1n the second module can be
less than an amount of the zirconium oxide downstream of
the zirconium phosphate.

Any of the features disclosed above as being part of the
fifth aspect of the invention can be included in the sixth
aspect of the mvention either alone or 1n combination.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a sorbent cartridge contaiming activated
carbon, hydrous zircontum oxide, urease, alumina, and
zircontum phosphate.

FIG. 2 shows a modular sorbent cartridge with two
modules.

FIG. 3 shows a modular sorbent cartridge with two
modules including activated carbon, alumina, urease, and
zircontum oxide 1n the first module and zirconium phosphate
in the second module.
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FIG. 4 shows a method for recharging the zirconium
phosphate sorbent material.

FIG. 5 shows a modular sorbent cartridge with two
modules including activated carbon, zirconium phosphate,
urease, alumina, and hydrous zirconium oxide in the first
module and zircontum phosphate 1n the second module.

FIG. 6 shows a modular sorbent cartridge with two
modules including activated carbon, 1on exchange resin,
alumina, urease, and hydrous zircommum oxide in the first
module and zirconium phosphate 1n the second module.

FIG. 7 shows a modular sorbent cartridge with two
modules including activated carbon, alumina, urease, and
zirconium phosphate 1n the first module and hydrous zirco-
nium oxide and zirconium phosphate 1n the second module.

FIG. 8 shows a modular sorbent cartridge with three
modules including activated carbon, alumina, urease, and
hydrous zircomium oxide in the first module, zirconium
phosphate in the second module, and zirconium phosphate
and activated carbon 1n the third module.

FIG. 9 shows a modular sorbent cartridge with three
modules including activated carbon in the first module,
alumina and urease 1n the second module, and 1on-exchange
resin, zircontum phosphate, and hydrous zirconium oxide in
the third module, with an optional bypass line to direct fluid
from the first to the third modules.

FIG. 10 shows a modular sorbent cartridge with three
modules with an optional bypass line connected to another
component such as a recharger.

FIG. 11 shows a modular sorbent cartridge with three
modules and an optional bypass line to direct fluid from the
first to the third modules.

FIG. 12 shows a three module sorbent cartridge with
activated carbon, alumina and urease in the first module,
zirconmum phosphate 1n the second module and zirconium
oxide 1n the third module.

FIG. 13 shows a three module sorbent cartridge with
activated carbon, alumina, urease and zirconium oxide 1n the
first module, zircontum phosphate in the second module, and
zircontum oxide 1n the third module.

FIG. 14 shows a three module sorbent cartridge with
activated carbon, alumina and urease i1n the first module,
alumina, activated carbon and zircontum phosphate 1n the
second module, and zirconium oxide 1n the third module.

FIG. 15 shows a three-module sorbent cartridge with a
bypass line and valve to allow for bypass of a urease
containing first module.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Unless defined otherwise, all technical and scientific
terms used herein generally have the same meaning as
commonly understood by one of ordinary skill 1n the rel-
evant art.

The articles “a” and “an” are used herein to refer to one
or to more than one (1.e., to at least one) of the grammatical
object of the article. For example, “an element” means one
clement or more than one element.

The term “amion exchanger” means a material that can
bind a molecule having a negative charge and exchange
another molecule having a negative charge for the bound
molecule.

A “bar code” 1s a computer readable pattern of parallel
lines and spaces of vanable thickness that identifies the
component to which the barcode 1s attached.

“Blow out™ refers to the process of passing a gas through
a connection line or a module.
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“Bypass line,” or “bypass tlow path” refers to a line,
connected to the main line, through which fluid or gas may
alternatively flow.

The term “‘cartridge” refers to any container designed to
contain a powder, liquid, or gas made for ready connection 5
to a device or mechanism. The container can have one or
more compartments. Instead of compartments, the container
can also comprise system of two or more modules connected
together to form the cartridge wherein the two or more
modules once formed can be connected to a device, struc- 10
ture, flow path or mechanism.

The term “cation exchanger” means a material that can
bind a molecule having a positive charge and exchange
another molecule having a positive charge for the bound
molecule. 15

The term “‘configured to contain” means any particular
form, alignment, shape, design, marking, or arrangement
suitable for an intended material to be contained therein.

The term “comprising” includes, but 1s not limited to,
whatever follows the word “comprising.” Use of the term 20
indicates the listed elements are required or mandatory but
that other elements are optional and may be present.

A “connector” describes the concept of forming a fluid
connection between two components whereimn fluid or gas
can flow from one component, through a connector or a 25
component for connection, to another component. The con-
nector provides for a fluid connection in its broadest sense
and can 1nclude any type of tubing, fluid or gas passageway,
or conduit between any one or more components of the
invention. 30

The term “consisting of” includes and 1s limited to
whatever follows the phrase “consisting of.” The phrase
indicates the limited elements are required or mandatory and
that no other elements may be present.

The term “consisting essentially of” includes whatever 35
follows the term “consisting essentially of” and additional
elements, structures, acts or features that do not aflect the
basic operation of the apparatus, structure or method
described.

The terms “‘controlled compliant tlow path™, “controlled 40
compliant dialysate flow path” and “controlled compliant
solution flow path” refer to flow paths operating within a
controlled compliant system having the characteristic of
controlled compliance, or of being controlled compliant as
defined herein. 45

The terms “controlled compliance™ and “controlled com-
pliant” describe the ability to actively control the transfer of
fluid volume 1nto or out of a compartment, flow path or
circuit. In certain embodiments, the variable volume of fluid
in a dialysate circuit or controlled compliant flow path 50
expands and contracts via the control of one or more pumps
in conjunction with one or more reservoirs. The volume of
fluid 1n the system 1s generally constant (unless additional
fluids are added to a reservoir from outside of the system)
once the system 1s 1n operation if patient fluid volume(s), 55
flow paths, and reservoirs are considered part of the total
volume of the system (each individual volume may some-
times be referred to as a fluid compartment). The attached
reservoirs allow the system to adjust the patient fluid volume
by withdrawing fluid and storing the desired amount in an 60
attached control reservoir and/or by providing purified and/
or rebalanced fluids to the patient and optionally removing
waste products. The terms “controlled compliance” and
“controlled compliant™ are not to be confused with the term
“non-compliant volume,” which simply refers to a vessel, 65
conduit, container, flow path, conditioming flow path or
cartridge that resists the itroduction of a volume of flmd

b
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after air has been removed from a defined space such as a
vessel, conduit, container, tlow path, conditioning flow path
or cartridge. In any embodiment, the controlled compliant
system can move fluids bi-directionally. In certain cases, the
bi-directional fluid movement can be across a semi-perme-
able membrane either inside or outside a dialyzer. The
bi-directional fluid flow can also occur across, through, or
between vessels, conduits, containers, tlow paths, condition-
ing flow paths or cartridges of the mmvention 1n selected
modes of operation. The term “moving fluid bi-direction-
ally” as used 1n connection with a barrier, such as a semi-
permeable membrane, refers to the ability to move a fluid
across the barrier in either direction. “Moving fluid bi-
directionally™ also can apply to the ability to move fluid 1n
both directions 1n the flow path or between a tlow path and
reservoir 1in a controlled compliant system.

A “control pump” means an apparatus capable of moving
fluid through a system at a specific rate. The term ““‘control
pump,” can include for example an “‘ultrafiltrate pump,”
which 1s a pump that 1s operable to pump fluid bi-direction-
ally to actively control the transfer of flud volume into or
out of a compartment or circuit.

A “control system” consists of combinations of compo-
nents that act together to maintain a system to a desired set
of performance specifications. The control system can use
processors, memory and computer components configured
to interoperate to maintain the desired performance speci-
fications. It can also include tluid or gas control components,
and solute control components as known within the art to
maintain the performance specifications.

A “controller,” “control unit,” “processor,” or “micropro-
cessor’ 1s a device which monitors and aflects the opera-
tional conditions of a given system. The operational condi-
tions are typically referred to as output variables of the
system wheremn the output variables can be aflected by
adjusting certain input variables.

A “degasser” 1s a component that 1s capable of removing
dissolved and undissolved gasses from fluds.

The term “detachable” or “detached” relates to any com-
ponent of the present invention that can be separated from a
system, module, cartridge or any component of the mven-
tion. “Detachable’” can also refer to a component that can be
taken out of a larger system with minimal time or efiort. In
certain 1nstances, the components can be detached with
minimal time or eflort, but 1n other instances can require
additional eflort. The detached component can be optionally
reattached to the system, module, cartridge or other com-
ponent. A detachable module can often be part of a reusable
module.

“Dialysis” 1s a type of filtration, or a process of selective
diffusion through a membrane. Dialysis removes solutes of
a specific range of molecular weights via diffusion through
a membrane from a fluid to be dialyzed into a dialysate.
During dialysis, a fluid to be dialyzed 1s passed over a filter
membrane, while dialysate 1s passed over the other side of
that membrane. Dissolved solutes are transported across the
filter membrane by diffusion between the fluids. The
dialysate 1s used to remove solutes from the fluid to be
dialyzed. The dialysate can also provide enrichment to the
other fluid.

“Dialysate” 1s the fluid that passes through the dialyzer on
the side of the dialysis membrane opposite to the fluid (e.g.
blood) being dialyzed.

The term “downstream,” as used when referring to rela-
tive positions of components of a dialysis system, refers to
a later position 1n the normal operational flow direction of
the dialysis system. Fluid moving 1n the normal operation
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flow direction of the dialysis system will contact the
“upstream” position first, and then the “downstream” posi-
tion.

“Flow” refers to the movement of a liquid, gas, or both.

A “flow sensing apparatus” or “tlow measuring appara-
tus” 1s an apparatus capable of measuring the tlow of liquid
or gas within a specific area.

A “flmd” 1s a liquid substance optionally having a com-
bination of gas and liquid phases in the fluid. Notably, a
liquid can therefore also have a mixture of gas and liqud
phases of matter.

The term “fluid communication™ refers to the ability of
fluid or gas to move from one component or compartment to
another within a system or the state of being connected, such
that fluid or gas can move by pressure differences from one
portion that 1s connected to another portion.

The term “fluidly connectable™ refers to the ability to pass
fluid or gas from one point to another point. The two points
can be within or between any one or more of compartments,
modules, systems, components, and rechargers, all of any

type.

“Infusate” 1s a solution of one or more salts for the
adjustment of the composition of a dialysate.

A “modular sorbent cartridge” 1s a sorbent cartridge that
1s made up of more than one individual modules, each
containing one or more sorbent materials. The individual
modules can be connected together to form the modular
sorbent cartridge.

“Module” refers to a discreet component of a system.
Each of the modules can be fitted to each other to form a
system of two or more modules. Once fitted together, the
modules can be in fluid connection and resist inadvertent
disconnection. A single module can represent a cartridge to
be fitted to a device or mechanism 11 the module 1s designed
to contain all the necessary components for an intended
purpose such as a sorbent for dialysis. In such a case, the
module can comprise one or more compartments within the
module. Alternatively, two or more modules can form a
cartridge to be fitted to a device or mechanism where each
module individually carries separate components but only
when connected together contain i summation all the
necessary components for an intended purpose such as a
sorbent for dialysis. A module can be referred to as a “first
module,” “second module,” “third module,” etc. to refer to
any number ol modules. The designation of “first,” “sec-
ond,” “third,” etc. does not refer to the respective placement
of the module 1n the direction of flmd or gas flow, and

merely distinguishes one module from another unless oth-
erwise 1ndicated.

A “multi-use module” 1s a module that contains sorbent
materials that can be recharged. The “multi-use” module can
be used more than one time by recharging the rechargeable
sorbent materials contained inside.

The term “non-reusable” refers to a component that
cannot be reused 1n the component’s current state. In certain
instances, the term non-reusable can include the concept of
being disposable, but 1s not necessarily limited to just being
disposable.

An “operational line” 1s a line that directs fluid or gas 1n
a path normally used while the system 1s 1n normal opera-
tion.

The terms “pathway,” “conveyance pathway,” “fluid flow
path,” and “flow path” refer to the route through which a
fluid or a gas, such as dialysate or blood travels, or the route
a gas travels.

A “photocell” 1s a sensor capable of measuring light or
other electromagnetic radiation.
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A “pressure valve” 1s a valve wherein, if the pressure of
the fluid or gas passing the valve reaches a certain level, the
valve will open to allow fluid or gas to pass through.

The term “pump” refers to any device that causes the
movement of fluids or gases by the application of suction or
pressure.

A “push-on fitting” 1s a {itting for connecting two com-
ponents wherein the components may be connected by
applying pressure to the base of the fitting attached to the
components.

A “quick connect {itting” 1s a fitting for connecting two
components wherein the male portion of the fitting contains
flexible flanges extending outward with a portion on the end
of the flange extending further outward, and the female
portion of the fitting contains an internal ridge so that when
connected, the outward extending portion of the flange sits
under the ridge. By applying pressure, the flexible flange can
be forced mward, past the ridge, enabling easy removal.

A “recharger” 1s a component that 1s capable of recharging
spent sorbent material to or near its original state or usable
capacity. A recharger may be part of the dialysis system or
may be separate from the rest of the system. If the recharger
1s separate from the rest of the dialysis system, the term may
include a separate facility where the spent sorbent material
1s sent to be returned to, or near, its original state.

“Recharging” refers to the process of treating a sorbent
material to restore the functional capacity of the sorbent
material so as to put the sorbent material back into a
condition for use or reuse 1n a new dialysis session. In some
instances recharging also includes treating a sorbent material
so as to clean the sorbent material so that 1t can be stored and
used 1n a subsequent dialysis session. In some 1nstances, the
total mass, weight and/or amount of “rechargeable” sorbent
materials remain the same. In some instances, the total mass,
welght and/or amount of “rechargeable” sorbent materials
change. Without being limited to any one theory of mnven-
tion, the recharging process may ivolve exchanging ions
bound to the sorbent material with different 1ons, which 1n
some 1nstances may increase or decrease the total mass of
the system. However, the total amount of the sorbent mate-
rial will 1n some 1nstances be unchanged by the recharging
process. Upon a sorbent material undergoing “recharging,”
the sorbent material can then be said to be “recharged.”

The term “recyclable™ refers to a material that can be
reused.

“Reusable” or “reusing” refers 1n one nstance to a sorbent
material, solid, liquid, or gas that can be used more than one
time, optionally with treatment of any type of the material
between uses. For example, a maternial and a solution can be
reused. In one 1nstance, reusable can refer to a sorbent
cartridge that contains a sorbent material that can be
recharged by recharging the sorbent material(s) within the
sorbent cartridge

A “sensor” 1s a component capable of determining the
states of one or more variables 1n a system.

A “single-use module” 1s a module that contains sorbent
materials not intended to be recharged even though the
sorbent materials may functionally be rechargeable. The
“single-use” module can be used more than one time, but
requires replenishing or refilling of the sorbent materials
inside. The terms replenishing or replemishing are to be
distinguished from the term rechargeable, as used herein.

“Sorbent cartridge” refers to a cartridge that can contain
one or more sorbent materials. The cartridge can be con-
nected to a dialysis tlow path. The sorbent materials 1n the
sorbent cartridge are used for removing specific solutes from
solution, such as urea. The sorbent cartridge can have a
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single compartmental design wherein all sorbent materials
necessary for performing dialysis are contained within the
single compartment. Alternatively, the sorbent cartridge can
have a modular design wherein the sorbent materials are
dispersed across at least two different modules, which can be
connected to form a unitary body. Once the at least two
modules are connected together, the connected modules can
be referred to as a sorbent cartridge, which can be fitted to
a device or mechanism. When a single module contains all
the sorbent materials necessary for performing dialysis, the
single module can be referred to as a sorbent cartridge.

A “sorbent cartridge module” means a discreet component
of a sorbent cartridge. Multiple sorbent cartridge modules
can be fitted together to form a sorbent cartridge of two or
more sorbent cartridge modules. In some embodiments, a
single sorbent cartridge module can contain all of the
necessary materials for dialysis. In such cases, the sorbent
cartridge module can be considered to be a “sorbent car-
tridge.”

“Sorbent materials” are materials capable of removing
specific solutes from solution, such as urea.

A “sorbent module™ 1s a container containing at least one
sorbent material. In some embodiments, the sorbent module
can connect to another sorbent module to form a sorbent
cartridge.

“Spent dialysate” 1s a dialysate that has been contacted
with blood through a dialysis membrane and contains one or
more 1mpurity, or waste species, or waste substance, such as
urea.

“Tap water” refers to water obtained through piping from
a water supply without additional treatment.

A ““threaded fitting” 1s a {itting for connecting two com-
ponents wherein the male portion has a helical nidge
wrapped around a cylinder, and the female portion 1s a
cylindrical hole with internal helical ridges so that when the
male portion 1s screwed into the female portion the two
components are locked together.

A “twist-lock fitting” 1s a fitting for connecting two
components wherein the male portion of the fitting contains
a head with a length exceeding its width, the female portion
of the fitting 1s a hole with a length that exceeds 1ts width and
1s larger than the male portion, so that when the male portion
1s 1nserted into the female portion and either portion 1is
twisted the two components become locked together.

The term “upstream,” as used when referring to relative
positions of components of a dialysis system, refers to a
prior position 1n the normal operational flow direction of the
dialysis system. Fluid moving in the normal operation tlow
direction of the dialysis system will contact the “upstream”™
position first, and then the “downstream™ position.

“Uremic toxins” are toxins carried in the blood supply
normally removed 1n the kidneys.

A “valve” 1s a device capable of directing the tlow of fluid
or gas by opening, closing or obstructing one or more
pathways to allow the fluid or gas to travel 1n a particular
path. One or more valves configured to accomplish a desired
flow can be configured into a “valve assembly.”

A “wash line” 1s a line that directs fluid between a
recharger and a module.

The term “waste fluid” refers to any fluid that does not
have a present use 1n the operation of the system. Non-
limiting examples of waste flmds include ultrafiltrate, or
fluid volume that has been removed from a subject under-
going a treatment, and fluids that are drained or flushed from
a reservoir, conduit or component of the system.

The terms “waste species,” waste products,” “waste,” or
“immpurity species” refer to any molecular or ionic species
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originating from the patient or subject, including metabolic
wastes, molecular or 1onic species including nitrogen or
sulfur atoms, mid-weight uremic wastes and nitrogenous
waste. Waste species are kept within a specific homeostasis
range by individuals with a healthy renal system.

The term “water source™ refers to a source from which

potable or not potable water can be obtained.
Sorbent Dialysis

One non-limiting, exemplary sorbent cartridge 1s shown
in FIG. 1. Spent dialysate can flow from the bottom of the
sorbent cartridge 1 to the top of the cartridge. The first
sorbent maternal the spent dialysate contacts can be activated
carbon 2. Activated carbon will remove nonmionic toxins
from the fluid by adsorption. Creatinine, glucose, uric acid,
32-microglobulin and other non-ionic toxins, except urea,
can be adsorbed onto the activated carbon, removing those
toxins {rom the fluid. Other non-1onmic toxins will also be
removed by the activated carbon. The fluid then continues
through the sorbent cartridge to the zirconium oxide layer 3.
The zircomum oxide layer 3 can remove phosphate and
fluoride anions, exchanging them for acetate amions. The
fluid can continue to move through the sorbent cartridge into
the alumina/urease layer 4. Urease can catalyze the reaction
of urea to form ammonia and carbon dioxide. The result of
this 1s the formation of ammonium carbonate. The phosphate
anmions present i the fluid can also be exchanged {for
hydroxide 1ons on the alumina. As the fluid continues
through the sorbent cartridge, 1t reaches alumina layer 5.
Alumina layer 5 can remove any remaining phosphate ions
from the fluid and helps retain urease within the sorbent
cartridge. However, alumina has a low capacity for phos-
phate, and hence significantly more alumina is required as
compared to zirconium oxide. The last layer through which
the tluid travels can be the zirconium phosphate layer 6. In
the zirconium phosphate layer 6, ammonium, calcium,
potassium and magnesium cations can be exchanged for
sodium and hydrogen cations. Ammonium, calcium, potas-
stum and magnesium 1ons all preferentially bind to the
zircomium phosphate, releasing the hydrogen and sodium
ions originally present i the layer. The ratio of sodium to
hydrogen 1ons released depends on the ratio originally
present in the zirconium phosphate layer 6, and 1s therefore
controllable. The result of the fluid passing through the
sorbent cartridge 1 1s that the fluid be regenerated and form
dialysate that can be safely passed back through a dialyzer
to a patient. In any embodiment of the first, second, third,
fourth, fifth, or sixth aspect of the invention, potassium,
calcium and magnestum can be added to the clean dialysate
to replace any 1ons which were removed by the sorbent
cartridge. The 1ons can be added and or controlled via an
infusate system that can be positioned on a section of the
fluid tflow path after the sorbent cartridge.

Zirconium phosphate and zirconium oxide can be used as
ion-exchange materials during sorbent dialysis. Zirconium
phosphate 1n the sodium or hydrogen form can serve as a
cation exchanger and absorb cations such as ammonium,
calcium, potassium, and magnesium. In exchange {for
absorbing cations, zircontum phosphate can releases other
cations, such as sodium and hydrogen. Zirconium oxide 1n
the acetate form can serve as an anion exchanger by binding
to anions, such as phosphate and fluoride. In exchange,
zirconmum oxide can release acetate as the displaced anion.
In the hydrous form, zircontum oxide can also adsorb metals
such as iron, mercury, lead, and aluminum. Both zirconium
oxide and zircontum phosphate are relatively expensive
sorbent materials.
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The first, second, third, fourth, fitth, or sixth aspect of the
invention relate to a sorbent cartridge which includes at least
one reusable module to advantageously recharge and reuse
the materials. In any embodiment of the first, second, third,
fourth, fifth, or sixth aspect of the invention, the reusable
module 11 can be fluidly attached to a non-reusable module
12 by a connector 13 with the use of latches 14. The latches
14 can be integrally formed as part of the reusable module
11, non-reusable module 12, or may be a separate compo-
nent that must be attached to either module as shown 1n FIG.
2. The latch members 14 can be mated to an annular
connection ring 135 disposed on the circumierence of module
12. One or more engagement members can be disposed
inside the annular connection ring 15 to engage the latches
14 when positioned relative to each other using a radial
motion. Such engagement can cause a rigid connection
between the reusable module 11 and the non-reusable mod-
ule 12. Other known locking or fastening mechanisms
known to those of ordinary skill that can effectuate rapid and
cllective connections between two components are contems-
plated by the mvention. Although only cylindrical modules
are shown, 1t will be understood that modules of any shape
such as rectangular, conical, triangular, etc. are contem-
plated by the first, second, third or fourth aspect of the
invention with a correspondent fastening mechanism. It will
be understood that different combinations of reusable and
non-reusable modules can be combined together. In any
embodiment of the first, second, third, fourth, fifth, or sixth
aspect of the invention, both modules may be reusable or
both may be non-reusable. Moreover, any one of the mod-
ules can be detachable from each other or from a casing
forming the body of the sorbent cartridge. The modules can
be standardized components that are interchangeable with
other modules and easily assembled. For example, the
latches 14 1n FIG. 2 allow for a simple, twist-lock between
two modules. The twist lock allows for the modules to be
connected to each other by an easy and rapid manual motion
not requiring complex maneuvering of the modules. The
connection, once made, can be resistant to i1nadvertent
disengagement, but can also be readily disengaged when
desired with a similar easy and rapid manual manipulation.
For example, a force applied on the outside periphery of the
modules near the latch, e.g. squeezing the module, can cause
the latch member 14 to disengage from the engagement
members. In other examples the first, second, third, fourth,
fifth, or sixth aspects of the invention, the modules can be
disengaged by simply rotating the modules relative to each
other.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention, each module can function
as a sorbent cartridge independently. In any embodiment of
the first, second, third, fourth, fifth, or sixth aspects of the
invention, at least two modules can cooperate together when
engaged to each other using, for example the latches 14 1n
FIG. 2 and being fluidly connected together to function as a
sorbent cartridge. The advantage of such a modular design
as described herein 1s that different sorbent materials can be
dispersed between the at least two modules to allow for any
particular sorbent or combination of sorbent materials to be
detachable from a sorbent cartridge.

The connector 13 can be formed as part of the module and
need not be a separate component that must be attached to
the module 12. Rather, the connector 13 can be molded as
part of the reusable module 12 and the non-reusable module
11. In any embodiment of the first, second, third, fourth,
fifth, or sixth aspects of the invention, the connector can be
allixed by mechanical means, glued or rigidly interfaced to
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the modules 11 and 12. The connector can be a combination
of female and male connectors on a module. For example, a
female connector can be disposed on one module, and a
male connector on the other to form one connector 13 (not
shown). In any embodiment of the first, second, third, fourth,
fifth, or sixth aspects of the invention, the connector 13
allows fluild to flow into the non-reusable module 11,
through the connector 13, into the reusable module 12.
Alternatively, the connector 13 1s not a part of either the
non-reusable module 11 or reusable module 12 but can be a
separate component such as tubing. It will be understood
that the connector 13 1s defined in 1ts broadest sense and
encompasses any fluid connection between two points.

One or more fluid connectors can be arranged between
any module of the first, second, third, fourth, fifth, or sixth
aspects of the invention, and one or more such fluid con-
nectors can be provided 1n any of the described configura-
tions herein. For example, a reusable module can have any
number of connectors such as 1, 2, 3, 4, 5, or more. The
spacing and distribution of the flmd connectors on the
module can be positioned to enable and/or increase tlow of
fluid between the modules. In one example of the first,
second, third, fourth, fifth, or sixth aspects of the invention,
the fluid connectors can be spaced equidistant from each
other or may be located axially or radially. Moreover, the
sorbent cartridge may have one or more modules each
having any number of connectors. In contrast to known
sorbent cartridges having a unitary design in which sorbent
matenals are arranged in layers without any connectors
between such layers, the fluid connectors of the first, second,
third, fourth, fifth, or sixth aspects of the invention allow for
controlled flmd or gas flow to any particular sorbent or
combination of sorbent materials. The fluid connectors of
the first, second, third, fourth, fifth, or sixth aspects of the
invention also allow for any particular sorbent or combina-
tion of sorbent materials to be detachable from a sorbent
cartridge. For example, a detachable module can be con-
structed with one or more sorbent materials. The detachable
module can then be fluidly connected to the sorbent car-
tridge by fluid connectors. Such a configuration advanta-
geously allows for separate treatment, recycling, or recharg-
ing of the sorbent or combination or mixture of sorbent
materials not possible with known sorbent cartridges. In
particular, known sorbent cartridges have all the sorbent
materials being formed into layers or a plurality of sorbent
materials being mixed without connectors 1n between such
layers of one sorbent material, or mixtures of sorbent
materials. Hence, it will be understood that the fluid con-
nectors of the first, second, third, fourth, fifth, or sixth
aspects of the invention can be critical in that the connectors
control the order of sorbent materials to which a fluid or gas
1s exposed to, the delivery of fluid or gas to a particular
sorbent or combination of sorbent materials, and the flow
and rate of flow of a fluid or gas to various sorbent materials,
layers or sorbent maternals, and combination or mixtures of
sorbent materials.

It will be understood that the first, second, third, fourth,
fifth, or sixth aspects of the invention are distinct from
known dialysis systems requiring separate housings contain-
ing sorbent materials that do not form a unitary sorbent
cartridge for ready attachment or insertion into a dialysis
machine. A umtary sorbent cartridge of the first, second,
third, fourth, fifth, or sixth aspects of the imnvention contain
cach one of the sorbent materials described herein including
cation and amon exchange resins inside the sorbent car-
tridge. In other words, the cation and anion exchange resins
(or other sorbent materials) are not separated into another
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housing outside the sorbent cartridge. Although the indi-
vidual sorbent materials of the first, second, third, fourth,
fifth, or sixth aspects of the invention may be separated into
different detachable and/or reusable modules within the
single sorbent cartridge wherein each module 1s connected
by fluid connectors, the single sorbent cartridge design
provides reduced size and weight that 1s not possible with
the known dialysis systems having separate housings. The
modules, as described herein, can also be further rnigidly
fixed to each other by latches and engagement members or
any fixing or fastening mechanism known to those of
ordinary skill 1n the art. Notably, the sorbent cartridge of the
first, second, third, fourth, fifth, or sixth aspects of the
invention can have all of the sorbent materials described
herein including cation and anion exchange resins within a
single unitary sorbent cartridge for convenient removal,
service and monitoring. In particular, the sorbent cartridge
can have a single compartmental design wherein all sorbent
materials necessary for performing dialysis are contained
within a single compartment. The sorbent cartridge can also
have a modular design wherein the sorbent matenials are
dispersed across at least two different modules, which can be
connected to form a unitary body. Once the at least two
modules are connected together, the connected modules can
form a sorbent cartridge to be fitted to a device or mecha-
nism. Advantageously, the sorbent cartridge of the first,
second, third, fourth, fifth, or sixth aspects of the invention
therefore can be easier to recycle, recharge, dispose of,
service and remove from a dialysis machine. In any embodi-
ment of the first, second, third, fourth, fifth, or sixth aspects
of the mvention, the unitary design can also provide for a
compact design that can be used 1n a portable dialysis
machine.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention, the fluid connector can be
a quick-connect, twist-lock, push-on, or threaded fitting.
Other forms of such connection known to those of ordinary
skill in the art are contemplated by the present invention.
Additionally, the connector can comprise a length of tubing
and a valve assembly. In any embodiment of the first,
second, third, fourth, fifth, or sixth aspects of the invention,
the connector can be manually assembled to connect any
component or assembly of the invention. The connector can
also be used to rigidly connect any one of the modules to a
recharger as defined herein when a separate fastening
mechanism 1s not provided.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention, at least one module can be
in fluid communication with a controlled compliant dialysis
circuit as disclosed 1 U.S. patent application Ser. No.
13/565,733, the contents of which are incorporated herein 1n
their entirety.

It will be understood that the connector provides for a
fluid connection 1n 1ts broadest sense and can include any
type of tubing, fluid or gas passageway, or conduit between
any one or more components of the mvention

One embodiment of the modular sorbent cartridge of the
first, second, third, fourth, fifth, or sixth aspects of the
invention are shown in FIG. 3. The non-reusable module 22
of the sorbent cartridge can contain layers of activated
carbon 24, alumina/urease 25, and hydrous zirconium oxide
26. The reusable module 21 contains zirconium phosphate
27.

After dialysis 1s complete, the zircontum phosphate layer
2’7 can contain ammonium, calcium, potassium and magne-
sium. The module 21 containing the zircontum phosphate
may be removed, and the zirconium phosphate can be
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recharged. The reusable module 21 can be disconnected
from the connectors 23 connecting the reusable module to
the non-reusable module, bypass line and/or wash line. The
reusable module 21 1s then removed from the modular
sorbent cartridge. This module can then be recharged, dis-
carded and replaced, or alternatively, the sorbent material
within the module can be removed and refilled. It will be
understood that any one of the materials used 1n the first,
second, third, fourth, fifth, or sixth aspects of the invention
can be used multiple times. In such instances of multi-
session use, the number of sessions that one component can
be used, can be the same or different from the number of
sessions that another component can be used. In one non-
limiting example of the first, second, third, fourth, fitth, or
sixth aspects of the invention, a module containing urease
may be used 2 times while another module containing
zirconium phosphate can be used 3 times. In other cases, the
module containing urease can be used 3 times, and the
module containing zirconium phosphate used 2 times. It will
be understood that there 1s no limitation on the numbers of
uses for any multi-session use module as compared to
another module used in the sorbent cartridge.

The method of recharging the zirconium phosphate 1n a
sorbent module of the first, second, third, or fourth aspects
of the invention 1s shown 1n FIG. 4. Wash flmd 33, contain-
ing sodium and hydrogen 1ons, can be passed through the
reusable module 21, containing the used zirconium phos-
phate 31 with bound ammonium 1ons. This causes an
exchange of 1ons, wherein hydrogen and sodium 1ons can
replace the ammonium 1ons on the zirconium phosphate 31.
The waste fluid exiting the module 34 thus contains the freed
ammonium 1ons, with excess sodium and hydrogen 1ons.
This process creates a recharged zirconium phosphate layer
32, containing sodium and hydrogen 10ons for a subsequent
dialysis. In any embodiment of the first, second, third,
tourth, fifth, or sixth aspects of the invention, a recharger can
be used to restore spent sorbent material wherein the
recharger contains fluid capable of restoring spent sorbent
material to 1ts original state.

Because calcium and magnesium ions may be more
difficult to remove from the zircomum phosphate, and
therefore the zirconium phosphate may be more difhicult to
recharge, 1t may be advantageous to remove the calcium and
magnesium 1n the first, non-reusable module, so that none of
those 10ons need to be removed i1n the reusable zirconium
phosphate module. Such an embodiment of the first, second,
third, fourth, fifth, or sixth aspects of the invention are
shown in FIG. 5. Spent dialysate enters the {first, non-
reusable module 42 where the dialysate can first flow
through a layer of activated carbon 44 to remove non-ionic
uremic toxins. The dialysate can then enter into a first layer
of zirconmmum phosphate 49. This layer can remove the
calcium, magnesium and potassium from the fluid. Next the
fluid enters the hydrous zirconium oxide layer 46, which
removes the phosphate anions and exchanges them with
acetate anions. The fluid can then enter the urease layer 45
and alumina layer 48, where the urea 1s converted to
ammonium carbonate and any remaining phosphate 1ons are
removed. In any embodiments of the non-reusable module
of the first, second, third, fourth, fifth, or sixth aspects of the
invention, any arrangement ol the activated carbon, zirco-
nium phosphate, hydrous zircontum oxide layer, and urease
and alumina layer 1s contemplated. For example, the
dialysate can first flow through a first layer of zirconium
phosphate, activated carbon, then the hydrous zirconium
oxide layer, and then enter the urease layer and alumina
layer. Alternatively, the dialysate can first flow through the
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hydrous zircommum oxide layer, then a first layer of zirco-
nium phosphate, the activated carbon, then enter the urease
layer and alumina layer. Still further, the dialysate can first
flow through the urease layer and alumina layer, then the
hydrous zircommum oxide layer, then a first layer of zirco-
nium phosphate, and then the activated carbon. The fluid
then tlows through the connector 43, and into the second,
reusable, sorbent module 41. This sorbent module can
contain zirconium phosphate 47. Zirconium phosphate layer
4’7 can exchange the ammonium 1ons for sodium and hydro-
gen. Because the calcium, magnesium and potassium 1ons
have already been removed by the first zirconium phosphate
layer 49, this second layer 47 will not pick up those 1ons.
AT ¢ 41 will only contain

ter dialysis, the second modul
zirconium phosphate bound to ammonium ions. As such, the
dialysate may be easier to recharge.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention where the reusable module
contains zirconium phosphate and 1on-exchange resin, or
zirconium phosphate and hydrous zircomum oxide, the
module may be recharged in the same manner. The activated
carbon layer of a reusable module can be recharged by
passing a heated water solution through the module. The
alumina/urease layers can be recharged by first passing
heated water, or the solutions described above for recharging,
zirconium phosphate, through the layer, and then passing a
solution containing urease through it.

Another non-limiting embodiment of the first, second,
third, fourth, fifth, or sixth aspects of the invention are
shown 1n FIG. 6. Spent dialysate can enter the first, non-
reusable, module 52 where it first flows through a layer of
activated carbon 54 to remove non-ionic uremic toxins. It
then enters mto a layer of ion exchange resin 59. Ion
exchange resin layer 59 can remove the calcium, magnesium
and potassium from the fluid. Next the fluid can enter the
hydrous zirconium oxide layer 56, which removes the phos-
phate anions and exchanges them with acetate anions. The
fluid then enters the urease layer 35 and alumina layer 58,
where the urea 1s converted to ammonium carbonate and any
remaining phosphate 1ons are removed. In any embodiment
of the first module of the first, second, third, fourth, fifth, or
sixth aspects of the invention, any arrangement of the
activated carbon, 1on exchange resin, hydrous zirconium
oxide layer, and urease and alumina layer 1s contemplated.
For example, the dialysate can first flow through an 1on
exchange resin, activated carbon, then the hydrous zirco-
nium oxide layer, and then enter the urease layer and
alumina layer. Alternatively, the dialysate can first tlow
through the hydrous zirconium oxide layer, then the 1on
exchange resin, the activated carbon, then enter the urease
layer and alumina layer. Still further, the dialysate can first
flow through the urease layer and alumina layer, then the
hydrous zircontum oxide layer, then the 1on exchange resin,
and then the activated carbon. The fluid can then flow
through the connector 33, and into the second, reusable,
sorbent module 51. The sorbent module 51 contains zirco-
nium phosphate 57. The zircommum phosphate layer 57 can
exchange the ammonium 1ons for sodium and hydrogen.
Because the calctum, magnesium and potassium 1ons have
already been removed by the 1on-exchange resin layer 59,
the zirconium phosphate layer 57 will not pick up those 1ons.
Alternatively, the 1on-exchange resin 39 may be selected to
only remove the calctum and magnesium 1o0ns, such as by
using a chelating 1on exchange resin. This can allow use of
less of the 1on exchange resin. If such a resin i1s used, the
potassium will be removed by the zircommum phosphate 57.
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Potassium can be easier to remove from zirconium phos-
phate than calcium or magnesium.

One skilled in the art will recognize that different com-
binations of sorbent materials in both the reusable and
non-reusable modules of the sorbent cartridge of the first,
second, third, fourth, fifth, or sixth aspects of the invention
can be used without being beyond the scope of this inven-
tion. The sorbent materials described herein can be mixed
together 1n any combination as shown in the specific
embodiments of the invention.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention, the sorbent cartridge can be
removed from a dialysis system. The sorbent cartridge once
removed can be separated into one or more modules to be
recharged, disposed of, or recycled. For example, FIG. 7
shows an embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention wherein the reusable
module contains both hydrous zirconium oxide and zirco-
nium phosphate. The spent dialysate can enter the first
module 101. The spent dialysate can {first pass through the
activated carbon layer 104. The spent dialysate can next pass
through a first layer of zirconium phosphate 107, which
removes the potassium, calcium and magnestum from the
dialysate. Next the spent dialysate can moves through the
alumina/urease layer 105. The fluid can then pass through
the connector 103, and into the second module 102. The
second module 102 contains a hydrous zirconium oxide
layer 106, and a second zirconium phosphate layer 108,
which removes the ammonium 1ons from the fluid. After
dialysis, the reusable module 102 containing the hydrous
zirconium oxide and zirconium phosphate can be recharged,
discarded, or the sorbent material removed and new material
added.

One skilled in the art will realize that embodiments of the
first, second, third, fourth, fifth, or sixth aspects of the
invention can be included that involve the sorbent matenials
being mixed within the module, as opposed to arranging the
materials 1in layers. Such mixing of the sorbent materials can
be performed interspersing the sorbent materials 1n a single
layer by any method known to those of skill 1n the art. The
modular sorbent cartridges of the first, second, third, fourth,
fifth, or sixth aspects of the mvention are not limited to
having two modules. Any number of modules may be
utilized 1n this invention. A three module sorbent cartridge
1s shown 1n FIG. 8. The first module 81 contains a layer of
activated carbon 84, a layer of alumina/urease 85, and a
layer of hydrous zirconmium oxide 86. The described layers
can also be mixed together rather than being provided in
layers. In any embodiment of the first, second, third, fourth,
fifth, or sixth aspects of the invention, in the first module of
a three module sorbent cartridge any arrangement of the
activated carbon, hydrous zircontum oxide layer, and urease
and alumina layer 1s contemplated. For example, the
dialysate can first flow through activated carbon, then the
hydrous zirconium oxide layer, and then enter the urease
layer and alumina layer. Alternatively, the dialysate can first
flow through the hydrous zircommum oxide layer, then the
activated carbon, then enter the urease layer and alumina
layer. Still further, the dialysate can first flow through the
urease layer and alumina layer, then the hydrous zirconium
oxide layer, and then the activated carbon. Again, the
described arrangements include not just layers, but also
intermixed sorbent materials. The fluid, after passing
through these layers, passes through a first connector 90, and
into the second module 82. This second module 82 can
contain zircontum phosphate 87. The fluid can then pass
through a second connector 91, and enter a third module 83.
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This third module can contain a second layer of zirconium
phosphate 88, and a second layer of activated carbon 89 for
final purification before passing out of the sorbent cartridge.
In any embodiment of the first, second, third, fourth, fifth, or
sixth aspects of the invention, 1n the third module of a three
module sorbent cartridge, any arrangement of the activated
carbon and the second layer of zircommum phosphate are
contemplated. For example, the dialysate can first flow
through activated carbon and then the second layer of
zircontum phosphate. It will be understood that any number
of modules can be configured in the first, second, third,
tourth, fifth, or sixth aspects of the invention. For example,
a sorbent cartridge having four, five, six, seven, or more
modules 1s contemplated by the imnvention. It will be under-
stood that the described arrangements include not just lay-
ers, but also the sorbent materials being intermixed.

As each layer of sorbent material within the modular
sorbent cartridge may be recharged, a cartridge 1s possible
where all of the modules are reusable. It 1s still advantageous
to utilize separate modules for the sorbent materials 1n order
to direct the correct recharging solution through the correct
module, and because diflerent sorbent materials may need to
be replaced more often than others.

Because the ability for the zirconium phosphate layer to
bind ammomum 1ons 1s finite, while the capacity of the
urease layer to break down urea into ammonia 1s not, the
capacity of the zircommum phosphate layer may be exceeded.
In such a case, excess ammonium 1ons can be caused to pass
through the sorbent cartridge and remain in the dialysate. To
protect patient safety, once ammonia breakthrough has
occurred, either dialysis session can be stopped or at least
urease can be prevented from catalyzing the conversion of
urea to ammonia.

FIG. 9 shows a three-module sorbent cartridge of the first,
second, third, fourth, fifth, or sixth aspects of the invention
that can allow bypass of the alumina/urease layer 1n the case
of ammoma breakthrough. Ammonia breakthrough can
occur when the capacity of the zirconium phosphate layer to
exchange ammonium 1on i1s exceeded. In the event of
ammonia breakthrough, the spent dialysate can enter the first
module 61, which contains the activated carbon layer 64.
The spent dialysate then passes through a first connector 71,
and by-pass flow valve 73. In normal operation, the tlow
valve 73 can be set to allow the fluid to pass into the second
module 62. The second module can contain alumina/urease
layer 65, which catalyzes the breakdown of urea into ammo-
nium 1ons. The flmd then passes through the second con-
nector 72, by the second valve 74, and into the third module
63. The third module can contain a hydrous zirconium oxide
layer 66, ion-exchange resin 68, and zircomum phosphate
layer 67. In any embodiment of the first, second, third,
tourth, fifth, or sixth aspects of the mvention having three
modules, the third module can have any arrangement of the
ion-exchange resin, hydrous zirconium oxide layer, and
zirconium phosphate. For example, the dialysate can first
flow through ion-exchange resin, then the hydrous zirco-
nium oxide layer, and then enter the zirconium phosphate
layer. Alternatively, the dialysate can first flow through the
hydrous zirconium oxide layer, then the 1on-exchange resin,
then enter zircomum phosphate layer. Still further, the
dialysate can first flow through the zirconium phosphate
layer, then the hydrous zirconium oxide layer, and then the
ion-exchange resin. Again, the described arrangements
include not just layers, but also intermixed sorbent materials.
After passing through the third module, a regenerated
dialysate can exit the sorbent cartridge. In the event of
ammomnia breakthrough, the first valve 73 can be set to

10

15

20

25

30

35

40

45

50

55

60

65

22

redirect the fluid into bypass line 70. This line will cause the
fluid not to enter the second module 62, and therefore the
urea will not be broken down 1nto ammeonia 1n the alumina/
urease layer. The fluid will instead be directed to the second
valve 74, where the fluid enters the second connector 72, and
then the third module 63. In this way dialysis may continue,
while avoiding the creation of ammonia. The valve assembly
can, in any embodiment of the first, second, third, fourth,
fifth, or sixth aspects of the invention, also include an access
point for a sensor. The access point can be a portion of the
valve assembly wherein a sensor can contact the fluid to take
measurement data such as a tlow or pressure reading. The
form and construction of such access points contemplated by
the present invention are those known to one of ordinary
skill 1n the art.

FIG. 10 shows an alternative embodiment of the first,
second, third, fourth, fifth, or sixth aspects of the imnvention
to the sorbent cartridge shown 1n FIG. 9, wherein a first
connector 71 and a flow valve 73 bypass flow through the
second module 62 to a component 75. The component 75
can be a recharger used to recharge or clean the second
module 62 while attached to the sorbent cartridge. In any
embodiment of the first, second, third, fourth, fifth, or sixth
aspects of the mvention, the component 75 can be a con-
tainer storing a tluid such as a wash fluid or recharging fluid.
In any embodiment, of the first, second, third, fourth, fifth,
or sixth aspects of the invention, the component 75 can be
pump for pumping fluid. Upon passing through the compo-
nent 75, fluid can return through the second connector 72 via
the second valve 74, and into the third module 63. In any
embodiment of the first, second, third, fourth, fifth, or sixth
aspects of the mnvention, the component 75 can be removed
alter a period of time and fluid allowed to flow the third
module 63 through the bypass first connector 72 and a flow
valve 74. The component 75 can be reversibly attached and
detached as necessary.

In an alternative to the embodiments shown i1n FIGS. 9
and 10, the bypass feature can be accomplished with a single
three-way valve 1n the first, second, third, fourth, fifth, or
s1xth aspects of the invention, as shown 1n FIG. 11. Valve 73,
positioned on the first connector 71, can direct fluid from the
first module 61 to either the second module 62 or bypass line
70. In any embodiment of the first, second, third, fourth,
fifth, or sixth aspects of the invention, a component may be
added to bypass line 70, such as a recharger. In any embodi-
ment of the first, second, third, fourth, fifth, or sixth aspects
of the mnvention, the single valve may be positioned after the
second module 62, on the second connector 72.

FIG. 12 shows a modular sorbent cartridge in accordance
with the first, second, third, fourth, fifth, or sixth aspects of
the mvention. The sorbent cartridge 1n FIG. 12 comprises
three modules 111, 112, and 113. Spent dialysate can enter
the first module 111 through inlet 119. First module 111 can
be conﬁgured to contain a layer of activated carbon 114 to
remove nonionic toxins from the fluid by adsorption. After
passing through activated carbon layer 114, the spent
dialysate can pass into alumina and urease layer 115. Urease
can catalyze the reaction of urea to form ammonia and
carbon dioxide. The result of this 1s the formation of
ammonium carbonate. The alumina serves as a support for
the urease enzyme. After passing through the alumina and
urcase layer 115, the spent dialysate can pass through a
second activated carbon layer 116. This second activated
carbon layer 116 serves to adsorb any urease that may leach
ofl of the alumina in urease and alumina layer 1135. The
activated carbon layer 114 can remove residual sterilants
like citric acid, formaldehyde, peracetic acid and bleach lett
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over from a hemodialysis session, disinfection, or dialyzer
reprocessing. These residuals could damage the urease and
alumina layer 115 11 not removed first. The second activated
carbon layer 116 can serve as a backup layer to retain urease
that migrates beyond the urease and alumina layer 115. The
second activated carbon layer 116 prevents migration of
urcase beyond the first module 111. Both the activated
carbon layer 114 and the second activated carbon layer 116
can also remove uremic solutes like creatinine, uric acid,
beta-2-macroglobulin and others. By adsorbing the urease
onto activated carbon layer 116, the urease 1s prevented from
migrating into the second module 112. The first module 111
can be a single use and optionally discarded after use
without being recharged. This 1s particularly useful to sepa-
rate expensive sorbent materials such as a zirconium phos-
phate and zirconium oxide from less expensive materials
such as urease, alumina, and activated carbon.

After passing through the second activated carbon layer
116, the spent dialysate can pass out of the first module 111
through connector 120 and into the second module 112. The
second module 112 can contain a cation exchanger 117 such
as zirconium phosphate, which removes ammonium, cal-
cium, potassium and magnesium cations and exchanges
these cations for sodium and hydrogen cations. The second
module 112 can be multi-use and detachable from the other
modules to facilitate separate recharging.

After passing through the second module 112, the spent
dialysate can flow through connector 121 and into the third
module 113. Similar to the second module 112, the third
module 113 can also be multi-use and detachable from other
modules. The third module 113 can be configured to contain
an anion exchanger such as zirconium oxide 118. The
zircontum oxide layer 118 can remove phosphate and fluo-
ride anions, exchanging these anions for acetate or hydrox-
ide anions. The spent dialysate can then exit the third module
113 through outlet 122 and leave the sorbent cartridge.

Critically, by isolating the zircontum phosphate 117 1n a
separate module 112, recharging of the zircontum phosphate
1s facilitated. Similarly, by 1solating the zirconium oxide 118
in a separate module 113, recharging of the zirconium oxide
118 1s facilitated because zirconium oxide requires a base
such as sodium hydroxide for recharging. The high pH
necessary for recharging of the zircommum oxide may dam-
age the zircontum phosphate, and thus cause excessive
release of phosphate into the dialysate. In other words,
separating zirconium oxide from zircomum phosphate can
tacilitate recharging of both materials. The zirconium phos-
phate 1s recharged with acidic solution, while the zirconium
oxide 1s recharged with a basic solution. Extremes of high
and low pH would also be deleterious to any urease layer
during recharging. Thus, recharging each of the sorbent
materials when the sorbents materials are 1solated from each
1s thus beneficial to preserving the integrity of the other
sorbent materials.

The first module 111 1n FIG. 12 contains only activated
carbon 114 and 116 and alumina and urease 115. These
maternials are less expensive than the zirconium oxide and
zirconium phosphate contained in the other modules. As
such, the first module 111 may be a single use module, with
the module disposed of after each dialysis session. In any
embodiment of the mvention, the modules containing the
more expensive sorbent materials zirconium oxide and zir-
conium phosphate can be multi-use modules, wherein after
recharging of the modules, the modules can be reused.

As explained, phosphate anions may leach out from the
zircontum phosphate sorbent material during use. Depend-
ing on the zirconium phosphate material used, anywhere
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between 100 mg/kg and 4,000 mg/kg or more of phosphate
may leach from the zirconium phosphate sorbent matenial.
Leaching of phosphate from the zirconium phosphate sor-
bent material could reduce the efliciency of phosphate
removal from the patient, or even increase the phosphate
level of the patient. By placing the zirconium oxide module
downstream of the zircommum phosphate module, the phos-
phate that leaches from the zirconium phosphate can be
recaptured by the zirconium oxide. Further, zircomum oxide
can act as an anion exchange material at low pH, but a cation
exchange material at high pH. As such, the capacity of the
zirconium oxide to remove phosphate and other anions from
the dialysate may be increased at the lower pH of the
dialysate after passing through the zirconium phosphate
layer.

One skilled 1n the art will understand that the second
activated carbon layer may be eliminated. Further, 1n any
embodiment of the first, second, third, fourth, fifth, or sixth
aspects of the mvention, the second activated carbon layer
may be replaced by additional alumina to prevent urease
migration.

FIG. 13 shows a sorbent cartridge 1n accordance with the
invention having two zirconium oxide layers. A first module
131 can contain a first activated carbon layer 134, a layer of
alumina and urease 135, a layer of zirconium oxide 136, and
a second layer of activated carbon 137. A second module
132 can contain zirconium phosphate 138. A third module
133 can contain a second layer of zirconium oxide 139. As
before, the second module 132 and third module 133 can be
multi-use and detachable from the other modules to facilitate
recharging.

Dialysate can enter the first module 131 through 1nlet 140.
In the first module, non-1onic toxins can be removed by
activated carbon 134, urea can be broken down into ammo-
nium 1ons and carbon dioxide by urease and alumina 135,
and phosphate and other anions can be removed by zirco-
nium oxide layer 136. Second activated carbon layer 137 can
serve to prevent urease migration out of the first module 131
and to remove any other non-ionic toxins still present in the
dialysate. As explained, the second activated carbon layer
137 can be eliminated in any embodiment of the first,
second, third, fourth, fifth, or sixth aspects of the invention,
or replaced with additional alumina to prevent urease migra-
tion. The dialysate can then pass through connector 141 to
second module 132 where calctum, magnesium, potassium
and ammonium 1ons can be removed by the zirconium
phosphate 138. The dialysate can then pass through connec-
tor 142 into third module 133, where any phosphate 10ns that
leached out of zirconium phosphate 138 can be recaptured
by zircontum oxide 139. Because some or all of the phos-
phate anions present 1n the dialysate initially will have been
removed by zirconium oxide layer 136, less zirconium oxide
may be necessary in the third module 133 1n order to
recapture the leached phosphate. In any embodiment of the
first, second, third, fourth, fifth or sixth aspects of the
invention, the amount of zirconium oxide 1n the first module
131 can be the same, more or less than the amount of
zircommum oxide in the third module 133. After passing
through the third module 133, the fluid can pass out of the
sorbent cartridge through outlet 143.

In FIG. 13, second module 132 and third module 133 can
be multi-use modules. These modules can be reused after
recharging of the zirconium phosphate 138 and zirconium
oxide 139 contained therein. The first module 131, contain-
ing activated carbon 134 and 137, alumina and urease 135,
and zirconium oxide 136 can be single use, and disposable
after completion of the dialysis session.
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In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention, the order of the zirconium
oxide 136 and alumina and urease 135 can be switched. That
1s, the zirconmium oxide 136 can be placed 1n the first module
131 upstream of the alumina and urease 135. In any embodi-
ment of the first, second, third, fourth, fifth, or sixth aspects
of the 1invention, the alumina and urease 135 can be inter-
mixed with the zirconium oxide 136 as opposed to being
arranged 1n separate layers as shown i FIG. 13.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention, the sorbent cartridge may
only have a single activated carbon layer. Placing the
activated carbon layer upstream of the urease layer may be
beneficial 1n order to ensure removal of residual sterilants
such as citric acid, formaldehyde, peracetic acid and bleach
left over 1n the dialysis system from disinfection or dialyzer
reprocessing. In any embodiment of the first, second, third,
tourth, fifth, or sixth aspects of the invention, the second
downstream activated carbon layer can also be included, as

shown 1n FIG. 12, 1n order to prevent urease migration as
described herein.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention, a multi-use module, such
as modules 132 and 133 of FIG. 13, can be detached from
the other modules present for recharging. The user can
disconnect the multi-use module from the other modules 1n
the sorbent cartridge, and pass a recharging solution through
the multi-use module. A module containing zirconium phos-
phate can be recharged by passing fluid containing sodium
ions and acid. This recharging process can be done sequen-
tially, such as by first passing a sodium solution through the
module and then passing an acidic solution through the
module, or the recharging can be done with a single acidic
solution that also contains sodium 1ons.

A module contaiming zirconium oxide can be recharged
by passing a solution comprising sodium hydroxide or other
basic aqueous solution through the module. In any embodi-
ment of the first, second, third, fourth, fifth, or sixth aspects
of the invention, the recharging solution can be a solution of
lithium hydroxide, potassium hydroxide or any other basic
aqueous solution. The high pH of the solution used to
recharge the zircommum oxide may damage the zirconium
phosphate. Separating the zirconium phosphate and zirco-
nium oxide into separate modules therefore allows both
sorbent materials to be recharged.

The modules, once recharged, can be reconnected to each
other, and to a new single use module for a new dialysis
session. In any embodiment of the first, second, third, fourth,
fifth, or sixth aspects of the invention, the single-use and
multi-use modules can be designed to ensure the proper
order of modules 1 the assembled sorbent cartridge. As
explained, including the zirconium oxide containing module
downstream of the zirconium phosphate containing module
allows recapture of any phosphate anions that leach off of
the zircommum phosphate. Further, a zirconium phosphate
containing module must be at least downstream of the urease
containing module so that the zircontum phosphate can
adsorb the ammonium 1ons created by the breakdown of
urea by the urease. In any embodiment of the first, second,
third, fourth, fifth or sixth aspects of the invention, zirco-
nium phosphate can also be present 1n a module upstream of
the urease, as explained. The connections described herein
can be different on the topsides and bottom sides of each
module to ensure the proper order. For example, the con-
nector on the bottom side of the zircomum phosphate
module may be configured to cooperatively engage with a
connector on the top side of the single use module. At the
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same time, the connector on the bottom side of the zirco-
nium phosphate module can be configured so that the
zirconium phosphate module will not cooperatively engage
with the connector on the top side of the zirconium oxide
module. This will ensure that the user cannot place the
zircommum oxide module upstream of the zirconium phos-
phate module. In any embodiment of the first, second, third,
fourth, fifth, or sixth aspects of the mnvention, the modules
can be color coded or marked in any other fashion to alert
the user to the proper order of modules 1n the assembled
sorbent cartridge.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention, as shown in FIG. 14,
alumina, urease and activated carbon can be present in the
same module as the zircontum phosphate. Fluid entering the
sorbent cartridge shown 1n FIG. 14 can enter a first module
151. The first module 151 can contain activated carbon 154
and alumina and urease 155. The activated carbon 154 can
remove non-ionic toxins, while the urease 1n the alumina and
urcase layer 155 can catalyze the breakdown of urea into
ammonium 10ons and carbon dioxide. After passing through
the first module 151, the fluid can enter the second module
152 through connector 160. The second module can contain
alumina layer 156, activated carbon layer 157 and zirconium
phosphate 158. The alumina 156 can serve to capture any
urease that has migrated off of the alumina in urease and
alumina layer 155. The second activated carbon layer 157
can serve to remove any remaining non-ionic toxins and
protect the zirconmium phosphate layer 158. The zirconium
phosphate layer 158 can remove potassium, calcium, mag-
nesium, ammonium and other cations, exchanging these
cations for sodium and hydrogen 1ons. After passing through
the second module 152, the fluid can enter the third module
153 through connector 161. The third module 133 can
contain zirconium oxide 159. The zirconium oxide 159 can
remove any potassium, tluoride or other anions, including
phosphate that has leached out of the zirconium phosphate
layer 158, exchanging these anions for acetate or hydroxide
anions.

Including activated carbon and alumina in the same
module as zircontum phosphate may not impede the
recharging of the zirconium phosphate. As explained, zir-
conium phosphate can be recharged by passing an acidic
solution containing sodium cations through the zirconium
phosphate. In any embodiment of the first, second, third,
fourth, fifth, or sixth aspects of the invention, this recharging
solution can be heated. A heated solution of low pH will be
capable of removing urease from alumina. Further, a heated
solution can also remove the waste species that have been
attached to the activated carbon. As such, the same solution
or solutions that can be used to recharge zirconium phos-
phate can be used to recharge the alumina and activated
carbon.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention, the sorbent cartridge can
include one or more bypass lines, allowing fluid to bypass
one or more of the sorbent modules, as 1llustrated 1n FIG. 15.
FIG. 15 1llustrates a three-module sorbent cartridge 1nclud-
ing a bypass line 183 that allows for bypass of a urease
containing module 171 1n the event of ammonia break-
through. Ammonia breakthrough can occur when the capac-
ity of the zircomum phosphate layer to exchange ammonium
ion 1s exceeded. In the event of ammonia breakthrough, the
spent dialysate can bypass the first module 171, which
contains the activated carbon layer 174, alumina and urease
layer 175 and a second activated carbon layer 176. Valve 184
on first connector 179 can control the movement of fluid into
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the bypass line 183, bypassing the entire first module 171.
By bypassing the urease containing layer 175, the break-
down of urea mto ammonium ions 1s prevented. In normal
operation, the valve 184 can be set to allow the flud to pass
into the first module 171 and only switched to bypass line
183 1n the event of ammonia breakthrough. After passing
through the first module 171 fluid can enter the second
module 172 through second connector 180. The second
module can contain zirconium phosphate 177, which would

normally remove ammonium 1ons from the fluid. The bypass
line 183 can allow fluid to enter the second module 172 as

illustrated 1n FIG. 15, or to also bypass the second module

172 and connect back to the main operational line of the
sorbent cartridge before third module 173. The fluid then
passes through the second connector 181, and into the third
module 173. The third module can contain a zircontum
oxide layer 178. After passing through the third module, a
regenerated dialysate can exit the sorbent cartridge through
connector 182. In the event of ammonia breakthrough, the
valve 184 can be set to redirect the fluid into bypass line 183.
This line will cause the fluid not to enter the first module
171, and therefore the urea will not be broken down into
ammonia in the alumina/urease layer. The fluid will instead
be directed to the second connector 180, and then the third
module 173. In this way dialysis may continue, while
avoiding the creation of ammomnia. The valve assembly can
also 1nclude an access point for a sensor. The access point
can be a portion of the valve assembly wherein a sensor can
contact the fluid to take measurement data such as a flow or
pressure reading. The form and construction of such access
points contemplated by the present invention are those
known to one of ordinary skill in the art.

In any embodiment of the first, second, third, fourth, fifth,
or sixth aspects of the invention utilizing a bypass line, a
turther layer of activated carbon can be included in an
additional module. This will allow non-ionic toxins to
continue to be removed, even after ammonium breakthrough
OCCUrs.

To make use of the modular sorbent cartridge easier, the
valve assembly 1n any embodiment of the first, second, third,
fourth, fifth, or sixth aspects of the invention may be
operated by a programmable controller or computer system
that can be programmed to regulate flow through the valves
and 1nto and out of the modules. An optical sensor, photocell
or other flow sensing apparatus may detect the tlow of fluid
through any two points in the sorbent cartridge. For
example, an optical fluid flow device can be provided for
measuring flow wherein the device includes an optical tluid
pressure measuring device having sensors positioned 1n any
one of the flow paths between the modules, in the connec-
tors, or 1n the valve assemblies. Preferably, the sensors will
be placed 1n a passageway defined between the modules. In
any embodiment of the first, second, third, fourth, fifth, or
sixth aspects of the invention, the optical fluid sensors can
be connected to an interferometer associated with an opto-
clectronic demodulator which has an output signal repre-
senting the differential pressure between the two sensed
areas. In any embodiment of the first, second, third, fourth,
fifth, or sixth aspects of the invention, a flow sensing
apparatus can have a flow-responsive element projecting
into a fluid flow path, and a position sensor associated with
the element which detects a change 1n position of the flow
responsive element in response to the fluid flow. The tlow-
responsive element can be made of a wide variety of
materials having the desired properties known to those of
ordinary skill in art.
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It will be apparent to one skilled in the art that various
combinations and/or modifications and variations can be
made 1n the dialysis system depending upon the specific
needs for operation. Features illustrated or described as
being part of one aspect of the mnvention may be used 1n the
aspect of the mvention, either alone or in combination.

We claim:

1. A sorbent cartridge, comprising:

a first module configured to contain urease;

a second module fluidly connectable to the first module
and downstream of the first module, the second module
configured to contain a cation exchanger; and

a third module fluidly connectable to the second module
and downstream of the second module, the third mod-
ule configure to contain an anion exchanger; and

wherein at least one module 1s a rechargeable module;
wherein the rechargeable module 1s reversibly attach-
able and detachable to a recharger.

2. The sorbent cartridge of claim 1, wherein the cation
exchanger 1s zirconium phosphate contained in the second
module and the anion exchanger 1s zircontum oxide con-
tained in the third module.

3. The sorbent cartridge of claim 1, wherein the first
module 1s single-use, the second module 1s multi-use, and
the third module 1s multi-use.

4. The sorbent cartridge of claim 1, wherein the first
module contains any one of activated carbon, 10on exchange
resin, alumina, urease, and combinations and mixtures
thereof.

5. The sorbent cartridge of claim 1, wherein the first
module has a first layer of activated carbon, a second layer
of alumina and urease downstream of the first layer, and a
third layer of activated carbon downstream of the second
layer.

6. The sorbent cartridge of claim 5, wherein a layer of
zircommum oxide 1s positioned downstream of the second
layer and upstream of the third layer.

7. The sorbent cartridge of claim 1, wherein the first
module 1s fluudly connectable to a dialysate flow path
upstream of the first module, and the third module 1s fluidly
connectable to a dialysate flow path downstream of the third
module.

8. The sorbent cartridge of claim 2, wherein the zirconium
oxide 1s present both upstream and downstream of the
zirconium phosphate.

9. The sorbent cartridge of claim 8, wherein an amount of
the zirconium oxide upstream of the zirconium phosphate 1s
less than an amount of the zircontum oxide downstream of
the zirconium phosphate.

10. The sorbent cartridge of claim 1, wherein the second
module comprising the cation exchanger 1s multi-use, and
the third module comprising the anion exchanger 1s multi-
use.

11. The sorbent cartridge of claim 2, the second module
having the proviso that zircommum oxide and zirconium
phosphate are not contained together 1n the same module.

12. The sorbent cartridge of claim 2, wherein the second
module does not comprise any other sorbent materials other
than zirconium phosphate.

13. The sorbent cartridge of claim 1, further comprising a
bypass tlow path fluidly connecting a position upstream of
the first module to the second module.

14. The sorbent cartridge of claim 1, wherein the first
module has a first layer of activated carbon, and a second
layer of alumina and urease downstream of the first layer,
and the second module has a first layer of alumina, a second
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layer of activated carbon downstream of the first layer, and
a third layer of zircontum phosphate downstream of the
second layer.

15. A sorbent cartridge, comprising:

at least one module configured to contain a cation

exchanger; and

at least one module configured to contain an amion

exchanger, wherein the module configured to contain
the amon exchanger 1s flmdly connectable to and
downstream of the module configured to contain a
cation exchanger; and

wherein at least one module 1s a rechargeable module;

wherein the rechargeable module 1s reversibly attach-
able and detachable to a recharger.

16. The sorbent cartridge of claim 15, wherein the cation
exchanger 1s zircontum phosphate and the anion exchanger
1s zirconium oxide.

17. The sorbent cartridge of claim 15, wherein the module
configured to contain the cation exchanger and the module
configured to contain the anion exchanger are multi-use.

18. The sorbent cartridge of claim 15, wherein the module
configured to contain the cation exchanger and the module
configured to contain the anion exchanger are detachable.
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19. The sorbent cartridge of claim 16, further comprising
at least a second module upstream of the module configured
to contain zircontum phosphate, the second module config-
ured to contain any one of activated carbon, alumina, urease,
and combinations thereof.

20. The sorbent cartridge of claim 19, wherein the second
module further comprises zirconium oxide.

21. The sorbent cartridge of claim 20, wherein an amount
of the zirconium oxide within the second module 1s less than
an amount of the zirconium oxide downstream of the
zirconium phosphate.

22. The sorbent cartridge of claim 1, wherein the anion
exchanger 1s a material that can bind a molecule having a
negative charge and exchange another molecule having a
negative charge for the bound molecule.

23. The sorbent cartridge of claim 1, wherein the cation
exchanger 1s a material that can bind a molecule having a
positive charge and exchange another molecule having a
positive charge for the bound molecule.
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